a, The development of the meridional SST contrast in the tropical East Pacific (purple line 21 ) and the zonal SST gradient along the Equator (red line 5 ). The meridional temperature difference is estimated from alkenone records from ODP sites 846 (3u S, 91u W) and 1012 (32u N, 118u W). The zonal temperature difference is calculated from Mg/Ca temperature records from ODP sites 806 (0u N, 159u E) and 847 (0u N, 95u W). The black and the red lines are obtained using a 400,000-year running mean. b, A reconstruction of the latitudinal SST distribution in the early Pliocene (,4 million years ago) in the mid-Pacific roughly along the Date Line (pink squares), after ref. 21 . The pink line shows the hypothetical fit of equation (1) of Methods to the proxy data. The black line shows the modern climatological SSTs along 180u E.
A major unresolved issue is how the early Pliocene climate-and especially its tropical conditions-were maintained, given that CO 2 concentrations were very similar to modern values. So far, climate models have not been able to reproduce the tropical SST patterns characteristic of the early Pliocene 18, 24 . A recent study 21 has suggested that additional mechanisms, perhaps related to ocean vertical mixing, should be considered in order to simulate a tropical climate state with weak SST contrasts. Could tropical cyclones provide such a mechanism?
Tropical storms are known to increase ocean vertical mixing-in the wake of hurricanes, the ocean mixed layer can deepen to 120-200 m (refs 13, 25, 26) . As little is known about hurricanes in the past 27 , here we reconstruct hurricane characteristics by completing several successive steps, including (1) reconstructing the SST field; (2) modelling the large-scale atmospheric circulation with a general circulation model (GCM); and (3) using the GCM data to drive a statistical downscaling model (SDSM), which computes synthetic hurricane tracks and intensity (Methods Summary; Methods).
The ocean temperature field is the starting point for our analysis, as the most reliable climatic information for the early Pliocene comes as SST data. Following ref. 21 , we take the SST distribution in Fig. 1b , interpolate the data with a continuous function and, assuming very small east-west SST variations, extend the SST profile zonally. The SST profile is shifted along the meridian following the progression of the modern annual cycle. The resulting SST field is then used as boundary conditions for the atmospheric GCM (CAM3, T85 spectral resolution, see Methods).
GCM calculations show an atmospheric circulation for the early Pliocene with weaker (meridional) Hadley and (zonal) Walker cells 21 -the weakened atmospheric circulation implies reduced vertical wind shear, which is favourable for tropical cyclones. Next, we use the large-scale climatological atmospheric flow from these calculations to drive the downscaling model: weak atmospheric vortices are randomly seeded over the ocean and their evolution is followed by the SDSM. The model predicts the tracks and calculates the intensity of the vortices-most of these disturbances die out, but some develop into mature tropical cyclones.
The results for the modern and early Pliocene climates are compared in Fig. 2 (and Supplementary Fig. 1 ). The SDSM adequately reproduces the observed modern distribution of tropical storms in the Pacific. The strongest modelled hurricane activity occurs east of the Philippines and Japan-a region known for frequent typhoons. Other active regions coincide with warm-water pools in the eastern North Pacific, the western South Pacific, and in the Indian Ocean. There are almost no hurricanes in the central Pacific or in the eastern South Pacific. In the North Atlantic, the tracks are shifted slightly towards the Caribbean, owing to biases in the winds simulated by the atmospheric GCM.
For the early Pliocene, the pattern of simulated tropical storm activity differs dramatically. Reduced vertical wind shear combined with warmer SSTs lead to a widespread increase in tropical cyclones ( Supplementary Fig. 1 ). There are now two broad bands of cyclone activity both north and south of the Equator extending from the western to the eastern Pacific. Because of the warm pool's expansion, the lifespan of an average tropical cyclone is now 2-3 days longer. There are many more hurricanes in the South Pacific (and even a few in the South Atlantic). The overall number of hurricanes almost doubles (a smaller increase occurs when a lower-resolution atmospheric GCM, T42, is used). With reduced SST contrasts, the seasonal dependence of tropical cyclone activity becomes less pronounced, with cyclones occurring throughout the seasons.
How would these changes in hurricane activity influence the tropical climate? To answer this question, we first need to look at the upper ocean circulation in the tropics (Fig. 3a) . This wind-driven circulation connects the regions of subduction off the coasts of California and Chile with the Equatorial Undercurrent and eventually with the eastern equatorial Pacific. The circulation is associated with a shallow ocean meridional overturning, with penetration depths not greater than ,250 m, typically referred to as the shallow subtropical cells 7, 28 . The effect of hurricanes on the ocean can be measured with the annual average power dissipation index (PDI), which approximates the amount of energy per unit area that tropical cyclones generate each year 1 . A significant fraction of this energy is available to mix the upper ocean. In general, the PDI distribution coincides with the areas of strong hurricane activity, both in terms of frequency of occurrence and strength.
For the modern climate, the simulated mean PDI exhibits a strong maximum in the western tropical Pacific north of 10u N (Fig. 3b) . Water parcels can travel towards the Equator after subduction through two 'windows' of the modern PDI distribution in the central Pacific without any interference from tropical storms (also see Supplementary Fig. 1 ). In the west Pacific, the parcels travel at the fringe of the PDI maximum, where the mixing can affect the Pacific subtropical gyre, but not the shallow subtropical cells.
For the early Pliocene, two bands of high PDI now cover the entire zonal extent of the Pacific (Fig. 3c) , allowing interaction between the hurricanes and ocean circulation. With the two 'windows' closed, hurricane paths inevitably intersect the trajectories of water parcels, raising the parcels' temperature. The end result is a warming of the eastern equatorial Pacific where the parcels rise to the surface. Ocean-atmosphere interactions 29 can amplify this warming via the The tropical ocean response after 200 years of simulation includes (1) persistent El Niño-like warming in the central to eastern equatorial Pacific (Fig. 4b, Supplementary Fig. 2) ; (2) a small warming off the Equator indicative of a meridional expansion of the warm pool; (3) a temperature rise in most of the coastal upwelling regions; (4) a deepening of the ocean tropical thermocline; and (5) a reduction of the thermocline slope along the Equator in the Pacific ( Supplementary  Fig. 3 ). For comparison, we display SST changes in the same model ( Fig. 4c ) when only CO 2 concentrations are raised. In this case, the temperature increase is moderate (below 1 uC) and almost uniform, indicating a near radiative-equilibrium response.
The warming of the eastern equatorial Pacific (the region typically referred to as the equatorial cold tongue) in response to increased extra-tropical mixing remains robust in a broad parameter range. Its magnitude depends on the specified diffusivity and the width of the equatorial gap between the two bands of enhanced mixing. The smaller the gap, the greater the warming that is achieved. The gap being fully closed wipes out the zonal SST gradient almost completely (Fig. 5) . The depth of penetration of the mixing into the ocean is also important-the maximum warming occurs for depths of around 150-200 m. Ocean adjustment to the imposed forcing involves different timescales: from daily (ocean mixing from individual storms, not considered here) to seasonal, to decadal (the circulation time in the ocean's subtropical cell). The coupled model simulation takes nearly 100 years for the full impact of the imposed mixing to emerge (Fig. 5) .
The results in Figs 2-5 suggest a plausible mechanism for sustaining the early Pliocene climate, based on the coupling between tropical SSTs, tropical cyclones and upper-ocean circulation. The expansion of the warm pool allows for enhanced hurricane activity throughout the subtropical Pacific. Stronger ocean vertical mixing in the two hurricane bands leads to further warming of the eastern equatorial Pacific and a deepening of the tropical thermocline. In turn, the warmer climate facilitates hurricane activity. This amounts to a positive feedback ( Supplementary Fig. 4 ), which can potentially lead to multiple climate states-one with permanent El Niño-like conditions and strong hurricane activity, and the other corresponding to modern climate with a cold eastern equatorial Pacific.
Although promising, the proposed mechanism does not solve the early Pliocene problem completely, as the changes shown in Fig. 4b (and Supplementary Fig. 2 ) are not sufficient to fully bring the model to the reconstructed climate. Reduction in the meridional SST gradient is too weak compared to ref. 21 , which may be related in part to biases in the coupled model (an excessively strong equatorial cold tongue extends too far westward) or perhaps to still missing processes affecting the poleward heat transport. Numerical models able to simulate El Niño/Southern Oscillation and the mean state of the tropical Pacific more accurately are needed 31 . More work is required to improve our understanding of atmospheric dynamics in warmer climates 32 , and to better constrain the Pliocene SSTs 20, 21 and the contribution of tropical storms to ocean mixing 3, 12, 13 . Resolving these issues will be critical both to model the early Pliocene climate and to predict future climate change, for which hurricane-ocean circulation feedbacks could become critical.
METHODS SUMMARY
The modelling of tropical storms in this study is performed using the SDSM 9, 10 . The first step of the downscaling process is to produce a global climatology for the vertical profiles of temperature, atmospheric humidity and winds. For this purpose, two experiments with an atmospheric GCM (CAM3, T85 resolution) are conducted-one forced with modern climatological SSTs, the other with an early Pliocene SST reconstruction 21 . The next step is to create synthetic hurricane tracks. In order to increase track variations, self-consistent random realizations of the winds are created using the means, variances and covariances from the GCM simulations. Weak vortices are seeded at random throughout the tropics and their subsequent progression is computed using a model describing advection by the vertically averaged winds, corrected for a b-drift (poleward and westward motion that a hurricane would have in the absence of background winds because of the variation of Coriolis force with latitude). Over 20,000 synthetic cyclones were produced (only two years worth of tracks are shown in Fig. 2) .
Once the tracks have been determined, an intensity model 9 is integrated along each track (the Coupled Hurricane Intensity Prediction System, CHIPS). It is an axisymmetric atmosphere model with a parameterization of vertical wind shear, coupled to a simple one-dimensional ocean model, which captures the effect of the ocean mixed layer on tropical cyclones. In lieu of mixed layer depth reconstructions for the early Pliocene, we use present day values. We anticipate that the actual ocean mixed layer was deeper in the Pliocene, so that if anything we underestimate the strength of tropical storms.
The PDI in Fig. 3 is defined as an integral of v 3 over the duration of all tropical cyclones that occur on average in the course of 1 year in a 5u 3 5u gridbox (v is the maximum wind velocity associated with the cyclones in the gridbox). Further details of the SST reconstruction and numerical simulations are discussed in the Methods.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
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METHODS
The SST field used in GCM simulations for the Pliocene. The period of the SST distribution in Fig. 1b is around 4-4.2 million years ago, which coincides with the almost complete collapse of the east-west temperature gradient along the Equator in Fig. 1a . It is also after the closure of the Isthmus of Panama 33 , and yet before climate cooled and large Northern Hemisphere ice sheets developed 34 . The original temperature data are based on alkenone and Mg/Ca temperature proxies that have been adjusted to describe SSTs in the mid-Pacific approximately along the Date Line. For further details of the Pliocene SST distribution, see ref. 21 . The modern SST profile shown in Fig. 1b is the average of 1961-90 from ref. 35 .
The continuous SST profile used in boundary conditions for the atmospheric GCM takes the form:
where h is the latitude in degrees, T min is the freezing temperature of sea water (set to 1.8 uC) and T max is the maximum temperature in the tropics (set to 28.5 uC) . N is set to 4.5, while constant a is determined by a least-squares fit to the temperature estimates in Fig. 1b . The value of a differs in the Atlantic from the rest of globe to allow for warmer temperatures in the North Atlantic:
where w is the longitude in degrees east of Greenwich's prime meridian. To simulate the effect of the Peru Current along the coast of South America, which was warmer than at present but still colder than the surrounding waters 22 , we add a cold temperature anomaly, T Peru , to our SST profile:
Details of atmospheric GCM simulations. The atmosphere-only simulations were performed using the Community Atmosphere Model (CAM3 36 ) developed by the National Center for Atmospheric Research (NCAR). It is a threedimensional spectral model of global extent, with 26 vertical levels and a horizontal truncation of T85. We also used CAM3 with the T42 resolution, which produced generally similar results (in particular, using data from the T42 model to drive the SDSM showed a similar shift in hurricane distribution but a smaller increase in the number of storms, ,20%).
The atmospheric model source code and the present day climatological boundary conditions are freely accessible on the Earth System Grid (http://www. earthsystemgrid.org). The modern simulation uses a similar set-up to that described in ref. 37 . The model has been spun up for 15 months, after which it has reached dynamic equilibrium. The simulations are then integrated for another decade to create the input for the SDSM. Note that the resolution of the T42 model corresponds to ,2.8u transform grid; and the resolution of T85 to ,1.4u transform grid. The effective resolution of the downscaling model is ,1 km, which is much smaller than that of the large-scale atmospheric GCMs.
For the early Pliocene run, we use the reconstructed SST profile as the surface boundary condition. The fractional sea ice cover was diagnosed from the SST. We have not included any other modifications to the boundary conditions, although changes did occur (such the extent of the Greenland ice sheet and a reduction in the height of the Rockies, Andes and Indonesia). Sensitivity studies have shown that the impact of the imposed SST profile on the Hadley circulation is an order of magnitude larger than the impact of other model modifications 21 . Details of coupled GCM simulations. The coupled simulations are performed using the third version of NCAR's Community Climate System Model (CCSM3 38 ). This GCM incorporates the atmospheric component described above (CAM3) coupled to ocean and sea ice models (POP and CSIM, respectively). The model source code and the boundary conditions are freely accessible on the Earth System Grid (http://www.earthsystemgrid.org).
The two experiments discussed in this paper start from an equilibrated preindustrial climate. The two runs are initialized with an instantaneous increase of atmospheric CO 2 concentrations to 355 p.p.m. (the level in 1990) . For the first experiment (Fig. 4b) , ocean background vertical diffusivity between 8u and 40u of latitude is increased by a factor of 10 in the top 200 m. This brings ocean diffusivity in the two bands on each side of the Equator to values ,1 cm 2 s
21
, which is consistent with the estimates of ref. 3 .
The methodology we use here is perhaps the simplest way to treat the impact of tropical cyclones. In reality, tropical cyclones are distributed very unevenly both in space and time. This makes deriving accurately the effective vertical diffusivity from a tropical cyclone distribution a non-trivial task with many uncertainties. A comprehensive study of these issues is now under way.
Our coupled experiments are similar to the recent work using an ocean-only simulation 30 . Whereas those authors found a reduction in the ocean poleward heat transport in response to the subtropical mixing, we find an increase. This difference could arise from their use of restoring boundary conditions, which prevents significant SST and salinity variations and does not allow the atmosphere to respond to ocean circulation changes.
Our second experiment (Fig. 4c ) utilizes the standard model set-up, used for instance in the IPCC Fourth Assessment Report 39 . Both runs have been spun-up for 200 years, and an average of the last 20 years is chosen to make the comparison in Fig. 4 .
